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 ABSTRACT
 Basal metabolic rate in the field vole (Microtus agrestis) was
 studied in relation to body composition and daily energy ex-
 penditure in the field. Daily energy expenditure was measured
 by means of doubly labelled water (D2180). In the same individ-
 uals, basal metabolic rate was subsequently derived from 02
 consumption in an open-circuit system in the laboratory. Body
 composition was obtained by dissecting the animals and de-
 termining fresh, dry, and lean dry mass of different organs.
 Daily energy expenditure for free-living field voles ranged from
 1.8 to 4.5 times basal metabolic rate, with an average of 2.9
 times basal metabolic rate. Variation in both daily energy ex-
 penditure and basal metabolic rate was best explained by body
 mass. Gender or reproductive activity did not have significant
 additive effects. Daily energy expenditure and basal metabolic
 rate showed significant positive relationships to body mass
 with similar mass exponents of 0.493 and 0.526, respectively.
 Overall, there was a significant correlation between daily energy
 expenditure and basal metabolic rate, but the mass-indepen-
 dent residuals (deviations from the allometrically predicted
 values) did not correlate. Carcass analysis revealed that a num-
 ber of organs were slightly better predictors for daily energy
 expenditure and basal metabolic rate than was fresh body mass.
 Mass-independent residuals of lean dry heart mass and basal
 metabolic rate were positively correlated, which is in agreement
 with the idea that basal metabolic rate reflects the size of meta-
 bolically active organs. The study does not provide support for
 *Author for correspondence; E-mail: p.meerlo@biol.rug.nl.
 Physiological Zoology 70(3):362-369. 1997. c 1997 by The University of
 Chicago. All rights reserved. 0031-935X/97/7003-9614$03.00
 an intraindividual association of basal metabolic rate with daily
 energy expenditure in the field.
 Introduction
 The most widely assessed parameter in homeotherm energetics
 is basal metabolic rate (BMR), the minimum rate of energy
 expenditure of animals in a postabsorptive state under ther-
 moneutral conditions in the inactive phase of the circadian
 cycle (Aschoff and Pohl 1970). BMR has long been considered
 a species-specific quantity determined primarily by body mass.
 The finding of a relationship between BMR and body mass
 with an exponent of 3/4 in between-species comparisons
 (Kleiber 1932; Brody 1945) initiated a long debate on biophysi-
 cal models explaining this relationship (e.g., McMahon 1973;
 Heusner 1987). Recent analyses have demonstrated that the
 exponent varies with the taxonomic level of analysis, that is,
 spec es, genus, family, and so on (Hayssen and Lacy 1985; Elgar
 and Harvey 1987; Bennett and Harvey 1988). Furthermore,
 there are systematic differences between taxa that may be asso-
ciated with variation in ecological niches, including feeding
 habits and climate (McNab 1986, 1988; Elgar and Harvey
 1987). Clearly, BMR is not a simple biophysical consequence
 of body mass. To date, few studies have been dedicated to
 unrav lling the real physiological nature of BMR.
 It is well known that avian and mammalian tissues vary a
 great deal in metabolic rate (Field et al. 1939; Krebs 1950;
 Aschoff and Wever 1958; Hulbert and Else 1981). Some tissues,
 such  feathers and fur, are metabolically inactive. In the
 resting animal, skeleton muscles also have relatively low energy
 tur over compared with many of the internal organs in the
 thoraco-abdominal cavity and the brain. The highest metabolic
 rates of all tissues are usually found in the heart and kidneys
 (Krebs 1950; Aschoff and Wever 1958). Thus, even though
 these organs constitute only a small fraction of total body mass,
 their contribution to BMR may be disproportionally large. One
 might therefore anticipate that variation in BMR between and
 within species will be associated with variation in the relative
 size of the heart and kidneys. In an interspecific comparison
 of BMR and body composition in 22 species of birds, Daan et
 al. (1990) found that lean dry heart and kidney mass were
 indeed better predictors of BMR than was body mass. About
 half of the residual variance in BMR was explained by variation
 in heart and kidney mass. In mammals, the relationship be-
 tween BMR and organ size so far has not received much atten-
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 tion. In a study on laboratory mice acclimatized at different
 temperatures, it was found also that within a species a higher
 mass-independent BMR was associated with larger heart and
 kidneys (Konarzewski and Diamond 1994). Such an intraspe-
 cific approach to the study of the morphology and physiology
 underlying BMR has the advantage of excluding confounding
 ecological variables that occur in between-species comparisons.
 For the present study, we selected the field vole (Microtus
 agrestis) for an analysis of the intraspecific relation between
 BMR and body composition in animals from a natural popula-
 tion to assess whether some of the variation in BMR is indeed
 traceable to heart and kidney size.
 Daan et al. (1990, 1991) suggested that the interspecific
 variation among birds in the relative size of heart and kidneys
 generally represents the activity of the metabolic machinery,
 which in itself may be adapted to support sustained peak energy
 metabolism in nature. This hypothesis was advanced to explain
 the proportionality of BMR and daily energy expenditure
 (DEE) first proposed by Drent and Daan (1980). Indeed, it
 has been found that the slope of the allometric relationship
 between log DEE and log body mass does not differ from the
 BMR to body mass relationship (Nagy 1987; Daan et al. 1990;
 Koteja 1991). Furthermore, a comparison of BMR and DEE
 during parental care in birds showed that mass-independent
 residuals of BMR and DEE were positively correlated (Daan
 et al. 1990). A similar relationship between BMR and field
 metabolic rate has been observed for mammals (Daan et al.
 1991; Koteja 1991). In a recent analysis using phylogenetic
 contrasts, the mass-independent association of BMR and DEE
 turned out to be even stronger in mammals than in birds
 (Ricklefs et al. 1996). At the intraspecific level there is so far
 no evidence for an association between BMR and DEE (Konar-
 zewski and Diamond 1994; Koteja 1996). Therefore, we mea-
 sured DEE in free-living field voles using the doubly labelled
 water technique (Lifson and McClintock 1966), whereafter the
 same individuals were taken to the laboratory for assessing
 BMR and body composition.
 Material and Methods
 The field site was located near Paterswolde in the northern
 Netherlands (53o09' N, 6033' E). It was a meadow of about
 0.25 ha, covered with a low to middle-high grassy vegetation.
 Besides the field vole, the study site was inhabited by other
 species of voles (Microtus arvalis, Clethrionomys glareolus),
 common shrews (Sorex araneus), and wood mice (Apodemus
 sylvaticus). Experiments were performed during the field vole
 reproductive season from June until October in 1989 and 1990.
 Some additional DEE measurements during the nonreproduc-
 tive season were taken in February 1991.
 During the period of the experiments, 48 Longworth live-
 traps were permanently placed at regular intervals in a grid of
 4 X 12 fixed spots. Traps were filled with hay and baited with
 grain and apple. When no experiments were being performed,
 the traps were arrested so that voles could enter and leave
 freely. On experimental days, traps were inspected at least every
 half hour. Voles caught were weighed, sexed, and on first occa-
 sion toe clipped for permanent identification. Individuals that
 were caught regularly were eventually selected for measurement
 of DEE. After DEE measurement they were taken to the labora-
 tory for determining BMR and body composition. Animals
 selected for the experiments included nonreproductive sub-
 adults and both reproductive males and females. For males,
 reproductive status refers to individuals with fully developed
 testicles versus nonreproductive animals, which did not show
 obvious signs of testicular development. Young males with
 intermediate states of testicular development were not often
 seen in the population. For females, reproductive status refers
 to lactation versus no clear signs of reproductive activity. Since
 in voles lactation often overlaps with the next gestation, some
 of the females were in an early stage of pregnancy, as was
 assessed by later carcass analysis. Nevertheless, we think our
 selection of animals justifies an analysis with two reproductive
 categories for each sex.
 Daily Energy Expenditure
 DEE was measured by means of doubly labelled water (Lifson
 and McClintock 1966; Nagy 1980). Animals trapped and se-
 lected for experiments were injected subcutaneously with 0.225
 mL water containing H2180 (90.23 atom%) and D20 (99.84
 atom%) mixed in a ratio of 2.25 : 1. This dose was expected
 to be enough for an experiment of at least 2 d, based on a
 biological half-life of 1'O80 of about 0.6 d for a vole of 30 g, as
 calculated from a pilot study. After injection the voles were
 held in a box for at least 1 h to allow complete equilibration
 of the isotopes in the body water. Then an initial sample of
 isotopically enriched blood was taken by means of orbital
 punction, body mass was determined, and the animal was
 released at the point of capture. Upon recapture about 24 or
 48 h later, body mass was again determined and a second blood
 sample was taken. Blood samples were flame sealed in glass
 capillary tubes and analyzed later at the Laboratory for Isotope
 Physics in Groningen, the Netherlands. Water was extracted
 by vacuum distillation and analyzed for both isotopes by mass
 spectrometry. From the clearance rates of 2H and '180O in the
 initial and second sample, CO2 production was calculated using
 equation (35) of Lifson and McClintock (1966). Because the
 amount of isotope injected was not always known accurately,
 body water volumes could not be reliably calculated from the
 dilution space for the injected O80 molecules. Instead, body
 water content was set at 73.3% throughout, based on later
 carcass analysis. CO2 production rates were converted to energy
 expenditure in kilojoules per day assuming an energy equiva-
 lent of 21.7 kJ L-1 CO2 for a plant diet (Kenagy et al. 1990).
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 Figure 1. Recording of oxygen consumption and activity of an
 individual field vole, Microtus agrestis. Activity was recorded with
 a passive infrared sensor in the respiration chamber.
 Basal Metabolic Rate
 BMRs were derived from 02 consumption measured through
 analysis of respiratory gases in an open-circuit system. Voles
 caught in the field were taken to the laboratory around 4:00
 P.M. and placed in a sealed respiration chamber (15 x 10 x
 10 cm). The respiration box was supplied with a thin layer of
 sawdust bedding. The animals had free access to water but
 were not fed from 2 h before the start of the measurement
 onwards. Measurements were performed overnight in a dark
 cabinet with ambient temperature controlled at 280C. This
 temperature is known to be within the thermoneutral zone in
 voles (Wiegert 1961). Air was pumped through the respiration
 chamber, with a flow rate of 75 L h-'. 02 concentrations of
 in- and outflow air, both dried with a molecular sieve (0.3 nm,
 granules approximately 2 mm, Merck), were recorded by a
 zirconium oxide sensor (S3A, Applied Electrochemistry). Cali-
 bration of the sensor was performed with dry air mixtures of
 known composition.
 Field voles have an ultradian pattern in the organisation of
 their behaviour and physiology with a periodicity of 2-3 h,
 which is typical for microtine rodents (Lehmann 1976; Daan
 and Aschoff 1981; Gerkema and Daan 1985). Thus, during the
 10-12-h period of the measurement, there was a series of four
 to five episodes with low levels of metabolism (Fig. 1). One
 may arbitrarily define BMR as the lowest level of 02 consump-
 tion over a given amount of time, that is, per minute, per 10
 min, per hour, and so forth. Using the extreme short calcula-
 tion interval may lead to high stochastic variance, while long
 intervals will include periods of activity. Analyses of minimal
 metabolism versus calculation interval yielded monotonically
 increasing or reversed S-shaped curves as shown in Figure 2.
 We defined BMR as the minimal level of 02 consumption over
 an interval of 30 min, the trial interval that was virtually always
 at the plateau in the curve (see also Hayes et al. 1992). BMR
 was expressed in kilojoules per day, using an average energetic
 equivalent of 20 kJ L-' 02 (Schmidt-Nielsen 1990).
 Body Composition
 After respirometry the animals were killed by ether overdose
 and stored in a freezer for later analysis of body composition.
 Carcass analysis was done by dissecting the body into the fol-
 lowing components: brain, heart, lungs, liver, kidneys, spleen,
 digestive tract (empty), gonads, leg muscles, skin, and a re-
 maining component, which included the skeleton and re-
 maining muscles. Each component was weighed and then dried
 to constant mass in an oven at 600C for at least 3 d. After
 reweighing to obtain dry mass, each component was packed
 in filter paper, and fat was extracted by washing six to eight
 times with heated petroleum benzin (Soxhlet technique). After
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 Figure 2. The minimal average 02 consumption in relation to the
 length of the interval used for calculation. Curves of three individ-
 ual animals are shown, covering the range of 02 consumption
 levels present in the data set. The middle curve represents the vole
 whose pattern of 02 consumption and activity is shown in Figure
 1. In the present study, BMR was defined as the lowest level of
 02 consumption over a 30-min interval.
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 Figure 3. DEE and body mass in the field vole, Microtus agrestis,
 in relation to time of year.
 Data Analysis
 Relationships between energy expenditure, body mass, and
 component mass were examined by least squares regression
 analysis using log-transformed data (Zar 1984).
 Results
 Daily Energy Expenditure in Free-Living Field Voles
 During the reproductive season of two consecutive years, from
 June until October, DEE in the field was measured in 34 ani-
 mals of different age and gender: 10 nonreproductive animals,
 6 reproductive males, and 18 reproductive females. Five addi-
 tional measurements were performed during the nonreproduc-
 tive winter season following the second year. DEE and body
 mass throughout the year are shown in Figure 3. For the whole
 set of 39 voles, the average DEE was 72.7 kJ d-' (SD = 15.1),
 with an average body weight of 26.5 g (SD = 7.6). Stepwise
 multiple regression was performed on log DEE (kJ d-1) using
 log body mass (g), gender (male = 0, female = 1), reproductive
 status (nonreproductive = 0, reproductive = 1), season (winter
 = 0, summer = 1), and all interactions as independent vari-
 ables. Only body mass contributed significantly to the ex-
 plained variance (r2 = 0.470) in DEE. The association between
 DEE and body mass for the total group of animals (Fig. 4) is
 described by the equation: log DEE (kJ d-') = 1.159 + 0.493
 log mass (g) (n = 39, r2 = 0.470, P < 0.001, SE of the exponent
 = 0.086). From this sample of 39 animals, 21 were taken to
 the laboratory directly after DEE measurement for determina-
 tion of BMR and body composition: five males (three repro-
 ductive) and 16 females (12 reproductive). When only this
 subset of animals is considered, the relationship between DEE
 and body mass does not differ substantially from that using
 all animals: log DEE (kJ d-') = 1.186 + 0.454 log mass (g)
 (n = 21, r2 = 0.437, P < 0.01, SE of the exponent
 = 0.118).
 Basal Metabolic Rate
 During the months from June until October, a total of 32
 voles of different age and gender were taken into the lab for
 determination of BMR and body composition: 11 males (four
 reproductive) and 21 females (13 reproductive). As described
 in the previous paragraph, in 21 of these animals field DEE
 had been measured during the preceding days. For the whole
 set of 32 animals, the average BMR was 23.0 kJ d-1 (SD
 = 5.6) and average body weight was 21.7 g (SD = 6.9). Stepwise
 0
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 -" BMR S0O 0
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 Figure 4. Allometric relationship of DEE and BMR with body mass
 in the field vole, Microtus agrestis.
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 multiple regression was performed on log BMR using log body
 mass, gender, reproductive status, and all interactions as inde-
 pendent variables. Only body mass contributed significantly to
 the explained variance (r2 = 0.421) in BMR. The association
 between BMR and body mass for the whole data set (Fig. 4)
 is described by the equation: log BMR (kJ d-') = 0.657 + 0.526
 log mass (g) (n = 32, r2 = 0.421, P < 0.001, SE of the exponent
 = 0.113). When only animals for which DEE was also deter-
 mined are taken into account, the equation becomes: log BMR
 (kJ d-') = 0.823 + 0.404 log mass (g) (n = 21, r2 = 0.272, P
 < 0.05, SE of the exponent = 0.152).
 The ratio between DEE and BMR ranged from 1.8 to 4.5
 and was on average 2.9 (SD = 0.6). This ratio was independent
 of body mass (linear regression, P > 0.10). Overall, there was
 a significant correlation between log DEE and log BMR (linear
 regression, n = 21, r2 = 0.216. P < 0.05). To evaluate whether
 BMR and DEE were associated independent of the variation
 related to body weight, we tested for a relationship between
 mass-independent residuals. For the subsample of 21 voles for
 which both DEE and BMR were measured, we removed the
 influence of body mass by calculating the residual log BMR
 (log BMR measured - log BMR predicted from regression)
 and residual log DEE (log DEE measured - log DEE predicted
 from regression). The residual BMR and DEE were not signifi-
 cantly correlated (n = 21, r2 = 0.004, P > 0.10).
 Although the regression analysis indicated that variation in
 both DEE and BMR was best explained by body mass and that
 gender or reproductive status did not have an additive effect,
 we also performed the above described residual analysis for
 different cohorts of animals. When the analysis was restricted
 to only males (n = 5), to only females (n = 16), to only
 reproductive females (n = 12), or to reproductive animals of
 both sexes (n = 15: three males, 12 females), there was also
 no significant relationship found between DEE and BMR resid-
 uals (P > 0.10 in all cases).
 Body Composition
 Table 1 presents the different body components as fractions
 of body mass as well as the regressions of component mass on
 total body mass. This is done for both fresh and lean dry
 component mass. Since gonad tissue structurally differs be-
 tween males and females, regressions in this case are given for
 the two sexes separately. As expected, most body components
 showed a significant positive correlation with body mass. The
 two exceptions are brain mass and total body fat. Brain mass
 appeared rather stable throughout the whole range of body
 weights represented in the sample. Consequently, brain mass
 seemed to be independent of age.
 Table 2 presents the relationships of DEE and BMR with
 lean dry component mass, as well as with water and fat. Some
 of the components turned out to be better predictors of DEE
 and BMR than total fresh body mass, explaining more of the
 variation in energy turnover. For DEE the best predictors were
 lungs, kidneys, and, for males, gonads. For BMR the better
 predictors were the heart, kidneys, liver, and, again for males,
 gonads.
 For the subsamples of voles for which both DEE and body
 composition were determined (n = 21), and the sample for
 which BMR and body composition were determined (n = 32),
 we calculated the residual log component mass (log component
 mass measured - log component mass predicted from regres-
 sion). No significant correlation was found between mass-inde-
 pendent DEE residuals and residuals of heart, kidney, or other
 organs. BMR residuals were significantly correlated with resid-
 ual lean dry heart mass (n = 32, r2 = 0.140, P < 0.05).
 The correlation between BMR residuals and residual lean dry
 kidney mass was not significant (n = 32, r2 = 0.041, P > 0.10).
 Residual lean dry kidney mass did, however, show a significant
 positive relation with residual lean dry heart mass (Spearman
 r = 0.384, n = 32, P < 0.05), indicating a trend in the expected
 direction. None of the other residual body components was
 correlated with residual BMR.
 Discussion
 Variation in BMR in the field vole was best explained by body
 mass. Gender or reproductive activity did not have significant
 additive effects. However, these factors by themselves may of
 course have a large impact on body mass. BMR was related to
 body mass with an exponent of 0.526. This value is a little
 lower than the slopes found in most interspecific allometric
 relations of BMR in mammals (Hayssen and Lacy 1985; Elgar
 and Harvey 1987; Daan et al. 1991) or the exponent of 2/3
 predicted for homomorphic change (Heusner 1984, 1987). One
 could indeed expect a smaller intraspecific slope since it seems
 that within the species a higher body mass is associated with
 a larger proportion of metabolically inactive tissue (Weinsier
 et al. 1992). In the voles, the amount of body water and the
 remaining component (containing mainly inactive tissues like
 skeleton and muscles) had mass exponents larger than 1. Sev-
 eral organs that are known to have a high metabolic rate, such
 as the heart, had mass exponents smaller than 1. Brain mass,
 probably also contributing a great deal to BMR (Aschoff and
 Wever 1958), was almost constant over the whole body mass
 range. In contrast to this, between-species comparisons have
 revealed a clear positive association between brain mass and
 body weight (Stahl 1965). Moreover, in interspecific analyses,
 metabolically active tissues like the heart and kidneys even have
 mass exponents close to 1 (Stahl 1965).
 The body composition analysis revealed that a number of
 organs were slightly better predictors for BMR than is total
 fresh body mass: heart, kidneys, liver, and, in males, also go-
 nads. The residuals of lean dry heart mass (deviations from
 the allometrically predicted values) were positively correlated
 with residuals of BMR. For the other body components, the
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 Table 1: Body composition in the field vole, Microtus agrestis
 Fresh Component Lean Dry Component
 Component % Total Mass a b r2 %/ Total Mass a b r2
 Gonads:
 Males ................. 1.81 (+1.88) -6.41 4.22 .85 .34 (+.35) -7.21 4.27 .85
 Females .............. 1.34 (+2.10) -8.43 5.61 .57 .18 (+.24) -8.48 5.09 .59
 Brain ...................... 2.68 (+.90) -.25 .05 .01# .41 (+.13) -1.14 .01 .00#
 Heart ...................... .93 (+.21) -1.49 .56 .50 .22 (+.04) -2.22 .60 .65
 Lungs ..................... 1.50 (+.28) -1.70 .88 .72 .30 (+.05) -2.46 .93 .81
 Kidneys .................. 1.43 (+.16) -1.82 .95 .90 .34 (+.04) -2.45 .95 .88
 Spleen .................. .34 (+.21) -2.24 .76 .17 .08 (+.05) -2.91 .78 .17
 Liver ....................... 5.19 (+.77) -1.10 .83 .79 1.30 (+.20) -1.74 .86 .77
 Gut ......................... 8.48 (+2.46) -.43 .47 .24 1.74 (+.43) -1.19 .53 .40
 Leg muscles ........... 8.71 (+1.29) -1.37 1.21 .87 2.06 (+.34) -2.06 1.25 .86
 Skin ........................ 12.80 (+2.20) -.72 .84 .70 5.38 (+.91) -1.21 .93 .74
 Remainings ............ 43.68 (+4.43) -.63 1.18 .93 12.46 (+1.21) -1.16 1.19 .96
 Water ........................... ... ... ... 73.34 (+2.76) -.25 1.06 .98
 Fat ......................... ...... . ... ... ... 2.18 (+1.63) -.95 .37 .04"
 Note. Mass of fresh and lean dry carcass components are given as a percentage of fresh total body mass (+SD). Average body mass was 21.7 g (+6.9).
 Regressions of component mass on total body mass are described by the equation: log component mass(g) = a + b log body mass(g). r2 = fraction of variance
 in log component mass explained by log body mass. In case of a nonsignificant relationship, the r2 is marked with #. Total data set on body composition: n
 = 32, 11 males and 21 females. For gonads, regressions are given separately for males and females. For all other components, the regressions include the total
 set of 32 animals.
 Table 2: Relation between energy turnover and body composition in the field vole, Microtus agrestis
 DEE BMR
 Component a b r2 P a b r2 P
 Gonads:
 Males ................................... 2.00 .12 .74 <.01 1.55 .13 .57 <.01
 Females ............................... 1.85 .03 .05 >.10 1.40 .03 .04 >.10
 Brain ....................................... 2.37 .49 .10 >.10 1.77 .37 .03 >.10
 Heart ....................................... 2.58 .56 .28 <.05 2.34 .72 .48 <.001
 Lungs ....................................... 2.42 .50 .53 <.001 1.96 .49 .40 <.001
 Kidneys ................................... 2.38 .49 .52 <.001 2.00 .54 .45 <.001
 Spleen ...................................... 1.94 .07 .04 >.10 1.68 .17 .17 <.05
 Liver ....................................... 2.05 .40 .29 <.05 1.70 .58 .48 <.001
 Gut ......................................... 2.03 .44 .28 <.05 1.48 .28 .08 >.10
 Leg muscles ............................ 1.95 .35 .46 <.001 1.49 .36 .35 <.001
 Skin ........................................ 1.81 .42 .40 <.01 1.35 .42 .31 <.01
 Remainings ............................. 1.67 .38 .47 <.001 1.18 .41 .38 <.001
 Water ....................................... 1.22 .50 .50 <.001 .80 .47 .39 <.001
 Fat ............................................ 1.83 .04 .01 >. 10 1.38 .06 .02 >.10
 Total lean dry mass ............... 1.49 .46 .49 <.001 1.04 .46 .38 <.001
 Total fresh body mass ........ 1.19 .45 .44 <.01 .66 .53 .42 <.001
 Note. Regressions of log DEE and log BMR on log lean dry component mass and log fresh total body mass are described by the equation: log DEE or BMR
 (kJ d-') = a + b log mass(g). r2 = fraction of variance in DEE or BMR explained by component mass or body mass. For DEE regressions: n = 21 (five males
 and 16 females); for BMR regressions: n = 32 (11 males and 21 females). For gonads, separate regressions are given for males and females.
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 residuals did not correlate with BMR residuals. The data are
 thus in agreement with the expectation that variation in BMR
 between individuals of the same species to some extent reflects
 variation in the size of metabolically active organs like the
 heart, as was first reported in an interspecific comparison in
 birds (Daan et al. 1990). Recently, also in a study in laboratory
 mice acclimatized at different temperatures, a correlation be-
 tween mass-independent residuals of resting metabolic rate
 and heart and kidney size was found (Konarzewski and Dia-
 mond 1994). The relation between BMR and the size of meta-
 bolically active organs such as the heart thus seems to be a
 general phenomenon, occurring in mammals as well as in birds,
 both between and within species. Our study shows that the
 within-species relation between BMR and heart size also holds
 true for animals directly sampled from a natural population.
 As was the case with BMR, variation in DEE in the field
 vole was best explained by body mass. Gender, reproductive
 activity, and season (winter or summer) did not have signifi-
 cant additional effects. Again, these factors by themselves may
 of course have a large impact on body mass. DEE was related
 to body mass with an exponent of 0.493. As with BMR, this
 slope is also somewhat lower than is found in most interspecific
 allometric relations in mammals (Nagy 1987; Daan et al. 1991;
 Koteja 1991). In the present study, lean mass of kidneys and
 lungs were slightly better predictors for DEE than was total
 fresh body mass. For males, gonad mass was also strongly
 correlated with DEE. However, for none of the body compo-
 nents was a correlation found between residual organ mass
 and residual DEE. Thus, the data obtained within one species
 do not support the idea that the size of the metabolic machinery
 is associated with the level of energy turnover in the field (Daan
 et al. 1990, 1991; Koteja 1991).
 DEE in free-living field voles ranged from 1.8 to 4.5 times
 BMR, with an average of 2.9 (SD = 0.6). The DEE/BMR ratio
 did not depend on body mass. Overall, there was a significant
 correlation between DEE and BMR, as could be expected, since
 DEE and BMR were related to body mass with similar expo-
 nents. However, the mass-independent residuals (deviations
 from the allometrically predicted values) did not correlate,
 meaning that the interindividual variation in DEE is not re-
 flected in the level of BMR, as was found for interspecific
 comparisons in both birds (Daan et al. 1990) and mammals
 (Daan et al. 1991; Koteja 1991; Ricklefs et al. 1996). Also, in
 other intraspecific studies concerning mass-independent varia-
 tion in BMR and peak sustained metabolic rate, no correlation
 was found (Konarzewski and Diamond 1994; Koteja 1996).
 Thus, the hypothesis that BMR is a fixed ratio of DEE, and
 therefore a reliable index of energy expenditure of free-living
 animals (Daan et al. 1990; Koteja 1991), so far has no support
 at the intraspecific level. However, we should be aware that
 the hypothesis of a constant DEE/BMR ratio was advanced not
 for everyday existence but for maximal sustained natural en-
 ergy metabolism such as that which occurs during parental
 care (Daan et al. 1990). In cases where DEE is submaximal
 and liable to large fluctuations, one may not find a relation
 with BMR and body composition. Therefore, one could specu-
 late that in the present study the association has broken down
 because individuals with a submaximal energy expenditure,
 for example, those in nonreproductive states, were included.
 However, when the analysis was performed for only reproduc-
 tive animals, we also did not find a significant association
 between residuals of BMR and DEE. This analysis was necessar-
 ily restricted to a reduced size range and smaller number of
 data points, which renders definitive conclusions questionable.
 A further reason why an association at the intraspecific level
 is less likely to be established is the stochastic nature of within-
 pecies data. Each data point in the intraspecific analysis is
 based on a single measurement, while in interspecific analysis
 the database typically consists of averages over considerable
 numbers of measurements.
 In conclusion, the present data confirmed the prediction
 that a large relative heart size goes hand in hand with high
 BMR, within a species and under natural conditions. The study
 did not provide support for an intraindividual association of
 BMR with DEE in the field.
 Acknowledgments
 We wish to thank Ina Everts, Magda Kalk, and Dico de Klein
 for practical assistance and Arjen Strijkstra and Menno Ger-
 kema for critically reading the manuscript.
 Literature Cited
 Aschoff J. and H. Pohl. 1970. Der ruheumsatz von v6geln als
 funktion der tageszeit und der ktrpergr6sse. J. Ornithol.
 111:38-47.
 Aschoff ]J. and R. Wever. 1958. Kern und Schale im wlirmehaus-
 halt des menschen. Naturwissenschaften 45:477-485.
 Bennett P.M. and P.H. Harvey. 1988. Active and resting metab-
 olism in birds: allometry, phylogeny and ecology. J. Zool.
 213:327-363.
 Brody S. 1945. Bioenergetics and Growth. Reinhold, New York.
 Daan S. and J. Aschoff. 1981. Short term rhythms in activity.
 Pp. 491-498 in J. Aschoff, ed. Handbook of Behavioral
 Neurobiology. Vol. 4. Biological Rhythms. Plenum, New
 York.
 Daan S., D. Masman, and A. Groenewold. 1990. Avian basal
 metabolic rates: their association with body composition
 and energy expenditure in nature. Am. J. Physiol. 259:R333-
 340.
 Daan S., D. Masman, A.M. Strijkstra, and G.J. Kenagy. 1991.
 Daily energy turnover during reproduction in birds and
 mammals: its relationship to basal metabolic rate. Acta XX
 Congressus Internationalis Ornithologici Pp. 1976-1987.
This content downloaded from 129.125.148.19 on Thu, 01 Nov 2018 07:42:36 UTC
All use subject to https://about.jstor.org/terms
 Metabolic Rate and Body Composition in the Field Vole 369
 Drent R.H. and S. Daan. 1980. The prudent parent: energetic
 adjustments in avian breeding. Ardea 68:225-252.
 Elgar M.A. and P.H. Harvey. 1987. Basal metabolic rates in
 mammals: allometry, phylogeny and ecology. Funct. Ecol.
 1:25-36.
 Field J., H.S. Belding, and A.W. Martin. 1939. An analysis of
 the relation between basal metabolism and summated tissue
 respiration in the rat. J. Cell. Comp. Physiol. 14:143-157.
 Gerkema M.P. and S. Daan. 1985. Ultradian rhythms in behav-
 iour: the case of the common vole (Microtus arvalis). Exp.
 Brain Res. (Suppl.) 12:11-31.
 Hayes J.P., J.R. Speakman, and P.A. Racey. 1992. Sampling
 bias in respirometry. Physiol. Zool. 65:604-619.
 Hayssen V. and R.C. Lacy. 1985. Basal metabolic rates in mam-
 mals: taxonomic differences in the allometry of BMR and
 body mass. Comp. Biochem. Physiol. 81A:741-754.
 Heusner A.A. 1984. Biological similitude: statistical and func-
 tional relationships in comparative physiology. Am. J. Phys-
 iol. 246:R839-845.
 - . 1987. What does the power function reveal about
 structure and function in animals of different size? Annu.
 Rev. Physiol. 49:121-133.
 Hulbert A.A.J. and P.L. Else. 1981. Comparison of the "mam-
 mal machine" and the "reptile machine": energy and thyroid
 activity. Am. J. Physiol. 241:R350-365.
 Kenagy G.J., D. Masman, S.M. Sharbaugh, and K.A. Nagy.
 1990. Energy expenditure during lactation in relation to
 litter size in free-living golden-mantled ground squirrels. J.
 Anim. Ecol. 59:73-88.
 Kleiber M. 1932. Body size and metabolism. Hilgardia 6:315-
 353.
 Konarzewski M. and J. Diamond. 1994. Peak sustained meta-
 bolic rate and its individual variation in cold-stressed mice.
 Physiol. Zool. 67:1186-1212.
 Koteja P. 1991. On the relation between basal and field meta-
 bolic rate in birds and mammals. Funct. Ecol. 5:56-64.
 - . 1996. Maximum cold-induced assimilation in a ro-
 dent, Apodemus flavicolus. Comp. Biochem. Physiol.
 112A:479-485.
 Krebs H.A. 1950. Body size and tissue respiration. Biochem.
 Biophys. Acta 4:249-269.
 Lehmann U. 1976. Short-term and circadian rhythms in the
 behaviour of the vole, Microtus agrestis (L). Oecologia
 23:185-199.
 Lifson N. and R. McClintock. 1966. Theory of use of the turn-
 o er rates of body water for measuring energy and material
 balance. J. Theoret. Biol. 12:46-74.
 McMahon T.A. 1973. Size and shape in biology. Science
 179:1201-1204.
 McNab B.K. 1986. The influence of food habits on the energet-
 ics of eutherian mammals. Ecol. Monogr. 56:1-19.
 - . 1988. Food habits and the basal rate of metabolism
 in birds. Oecologia 77:343-349.
 Nagy K.A. 1980. CO2 production in animals: analysis of poten-
 tial errors in the doubly labelled water method. Am. J. Phys-
 iol. 238:R466-473.
 - . 1987. Field metabolic rate and food requirement scal-
 ing in mammals and birds. Ecol. Monogr. 57:111-128.
 Ricklefs R.E., M. Konarzewski, and S. Daan. 1996. The relation-
 ship between basal metabolic rate and daily energy expendi-
 ture in birds and mammals. Am. Nat. 147:1047-1071.
 Schmidt-Nielsen K. 1990. Animal Physiology: Adaptation and
 Environment. 4th ed. Cambridge University Press, Cam-
 bridge.
 Stahl W.R. 1965. Organ weights in primates and other mam-
 mals. Science 150:1039-1042.
 Weinsier R.L., Y. Schutz, and D. Bracco. 1992. Reexamination
 of the relationship of resting metabolic rate to fat-free mass
 and to the metabolically active components of fat-free mass
 in humans. Am. J. Clin. Nutr. 55:790-794.
 Wiegert R.G. 1961. Respiratory energy loss and activity patterns
 in the meadow vole, Microtus pennsylvanicus pennsylvanicus.
 Ecology 42:245-253.
 Zar J.H. 1984. Biostatistical Analysis. Prentice-Hall Interna-
 tional, Englewood Cliffs, N.J.
This content downloaded from 129.125.148.19 on Thu, 01 Nov 2018 07:42:36 UTC
All use subject to https://about.jstor.org/terms
